Abbreviations: bHLH-Zip, basic-helix-loop-helix-leucine zipper; CHO, Chinese hamster ovary; ER, endoplasmic reticulum; FH, familial hypercholesterolemia; S1P, site-1 protease; SRE, sterol regulatory element; SREBP, sterol regulatory element-binding protein; S2P, site-2 protease.
Classic experiments
In 1933 Rudolf Schoenheimer, then a physician in Germany, published his classic studies of cholesterol balance in mice. Schoenheimer placed mice in ventilated bottles and fed them diets high and low in cholesterol. After a month, he measured the total content of cholesterol in the bottle. He demonstrated that mice produce cholesterol when the diet is cholesterol-poor, and they exhibit a net destruction of cholesterol when they consume cholesterol (1) . Fig. 1A shows the title page of Schoenheimer's classic 1933 paper on cholesterol feedback in living mice and the conclusions that he drew. These early experiments predated by many years the classic studies of Jacob and Monod, who elucidated the mechanism of feedback inhibition in bacteria (2) . Table 1 lists key experimental milestones − from the physiological to the molecular − that delineated the feedback control of cholesterol homeostasis. In the 1950's and 1960's, scientists in several laboratories elucidated the intricate pathway by which 2-carbon acetate is converted to 27-carbon cholesterol with its four conjoined rings. Central to this effort were discoveries made in the laboratories of Bloch, Lynen, Folkers, and Cornforth and Popjak (reviewed in (3)). Those discoveries laid the groundwork for the identification of 3-hydroxy-3methylglutaryl coenzyme A reductase (HMG-CoA reductase) as the first committed enzyme in the cholesterol biosynthetic pathway and the primary site of feedback regulation. During this same period, the emergence of radioisotopes permitted the demonstration that cholesterol biosynthesis occurs in the liver and that the liver is subject to feedback repression when animals are fed cholesterol ( Table 1 ).
Fig. 1B
shows the title page and key experiment from a 1953 paper by Gordon Gould and colleagues who were the first to use radioactive isotopes to demonstrate feedback inhibition in dog liver (4) . In this seminal 1953 paper, Gould, et cholesterol) and a high cholesterol diet (1% cholesterol) for 7 days. The results showed a striking inhibition of cholesterol synthesis in the livers from the cholesterol-fed dogs. In the 1980s, quantitative studies in the laboratory of John Dietschy showed that the liver is the major site of total body cholesterol synthesis in rats, monkeys, and several other animal species (5) .
Our own collaborative studies in Dallas were initiated in 1972 when we began to investigate the feedback regulation of cholesterol synthesis in human fibroblasts grown in tissue culture (reviewed in (6) ). Our motivation was to understand familial hypercholesterolemia (FH), a genetic disease characterized by elevated levels of cholesterol-rich LDL in plasma and premature myocardial infarctions (7) . Measuring HMG-CoA reductase activity in cell-free extracts from normal fibroblasts, we showed that enzyme activity was low when the cells were grown in the presence of LDL ( Fig. 2A) . Reductase activity rose by 50-fold when LDL was removed from the culture medium, and the activity rapidly declined when LDL was added back ( Fig. 2B) . We observed a striking difference in cells from a subject with the homozygous form of FH. When grown in LDL-containing medium, these cells had reductase activity that was 75fold above normal ( Fig. 2A) . There was no further increase when LDL was removed from the medium and no decline when LDL was restored ( Fig. 2B) .
Those striking findings led us on a 10-year quest that resulted in the discovery of the LDL receptor pathway and the appreciation of the general phenomenon of receptor-mediated endocytosis (reviewed in (6, 8) ). We found that normal fibroblasts have a cell surface receptor that binds LDL and internalizes the lipoprotein in coated pits. The internalized LDL is degraded in lysosomes and the cholesterol is made available for membrane synthesis. The liberated cholesterol leads to a major decrease in HMG-CoA reductase activity. This decrease is attributable to a reduction in the amount of enzyme protein rather than inhibition of its enzymatic activity. FH homozygote cells lack LDL receptors, and therefore they are unable to take up LDL. This finding explained their constitutively high levels of HMG-CoA reductase activity.
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HMG-CoA reductase: cDNA cloning and regulation
After we worked out the steps in the LDL receptor pathway, we turned to an analysis of the mechanisms by which HMG-CoA reductase protein levels are reduced by lipoprotein-derived cholesterol. We were aided by the observation that cholesterol accumulation also reduces the number of LDL receptors, thus shutting off the external supply of cholesterol as well as endogenous synthesis (9, 10) . Indirect evidence indicated that the major mechanism for the reduction in HMG-CoA reductase and the LDL receptor is through a reduction in the mRNAs for these two proteins. This finding suggested that the transcription of both genes was regulated by a common factor. T.Y. Chang and colleagues reached a similar conclusion from the analysis of mutant CHO cells auxotrophic for cholesterol (11) . By this time, the molecular biologists had provided us with the tools necessary to clone cDNAs and genes. Together with Wolfgang Schneider, we purified the LDL receptor from the richest natural source, namely the adrenal glands of cows (12) , We then obtained a partial protein sequence, and together with Tokuo Yamamoto and David Russell we cloned the cDNA (13) . The gene structure was worked out by Thomas Südhof, then a postdoctoral fellow (14) .
Cloning of HMG-CoA reductase defied a biochemical approach. The enzyme is bound to membranes of the endoplasmic reticulum (ER), and it resisted all attempts at purification.
Instead, we used a genetic trick. Following a precedent established by Robert Schimke with inhibitors of dihydrofolate reductase (15), we treated cultured chinese hamster ovary (CHO) cells with compactin, then a recently discovered competitive inhibitor of HMG-CoA reductase (16) .
When CHO cells were grown in the absence of LDL, they were forced to rely on endogenous cholesterol synthesis, and hence they were killed by the reductase inhibitor. However, a small number of cells survived because they produced sufficient reductase to overcome the inhibition.
These resistant cells were grown up, and the concentration of compactin was increased, again at UT Southwestern Library on December 3, 2008 www.jlr.org
Downloaded from
killing the vast majority of cells. The rare survivors were again grown up, and the dose of compactin was again ratcheted up. After many months of ratcheting and selection, we obtained a line of CHO cells that resisted high concentrations of compactin. We estimated that HMG-CoA reductase constituted about 2% of the total protein in these cells, which we designated UT-1 cells in honor of our parent university (17) .
At this time, in the early 1980's few if any "housekeeping" genes had been cloned. The cloning methods were so primitive that one could only clone a cDNA if the mRNA constituted a high percentage of the total mRNA in the cell. Because of the compactin selection, the UT-1 cells fit these criteria. Two courageous postdoctoral fellows, Dan Chin and Ken Luskey, set out to clone reductase. The cDNA library from UT-1 cells contained only 360 partial cDNAs, but from it we were able to isolate the cDNA for HMG-CoA reductase (18) and also for HMG-CoA synthase, the enzyme that precedes reductase in the cholesterol biosynthetic pathway (19) .
Sequencing of the reductase cDNA revealed that the protein contains 887 amino acids. The Nterminal 339 amino acids form 8 membrane-spanning helices, thereby anchoring the protein to ER membranes (20, 21) . The C-terminal 548 amino acids contain all of the catalytic activity.
Using the newly invented techniques of in situ mutagenesis, we produced a cDNA that encoded only the catalytic portion of reductase. This truncated protein was completely soluble, and it was able to restore cholesterol-independent growth to UT-2 cells, a line of reductase-deficient cells that we had isolated (22) . If the soluble catalytic domain contains all of the activity, why is it attached to the N-terminal membrane-bound domain? The answer lies in regulated degradation.
When attached to the membrane, reductase is stable only in sterol-depleted cells. The enzyme is rapidly degraded when cellular sterol levels rise. Gregorio Gil showed that this rapid degradation does not occur when cells express only the catalytic domain of reductase as a soluble protein (22) . Thus, sterols control HMG-CoA reductase activity in part by accelerating the degradation of the membrane-bound enzyme (22, 23) .
With cDNAs for the LDL receptor and HMG-CoA reductase in hand, we were soon able to show directly that the mRNAs for both proteins decline rapidly when sterols are added to cultured cells (24) . Our experiments were aided by the observation that oxygenated derivatives of cholesterol, such as 25-hydroxycholesterol (25-HC), are even more effective than cholesterol when added to the culture medium in solvents (25, 26) . A variety of experiments demonstrated that the sterol-mediated reduction in mRNA levels is caused by a decline in the rate of transcription. Indirect evidence indicated the presence of a transcription factor that enhanced the transcription (27) of both genes and that was rendered inactive when cellular sterol levels rose (reviewed in (28)).
SREBPs: membrane-bound transcription factors
The search for the postulated sterol-regulated transcription factor took several years and required the efforts of many postdoctoral fellows. The breakthrough came when Südhof identified a 42-bp sequence in the enhancer region of the LDL receptor promoter that conferred sterol-regulated transcription when inserted into a heterologous promoter (29) . Subsequent studies of the 42-bp element by Jeffrey Smith and Timothy Osborne further localized the key component to a 10-bp sequence that we named the Sterol Regulatory Element (SRE) (30) .
Navigating skillfully through a minefield of potential artifacts, Xiaodong Wang and Michael
Briggs used 500 liters of cultured HeLa cells as a source to purify a nuclear protein of ~60 kDa that bound specifically to the SRE (31) . We named this protein SREBP. A partial amino acid sequence was obtained, and this was used to clone a cDNA for SREBP. The DNA sequence revealed that SREBP was not a 60-kDa protein, but rather a 125-kDa protein (32) . other members of this family recognize palindromic DNA sequences called E-boxes. SREBP differs because the SRE is not a palindromic E-box. Moreover, SREBP has a tyrosine in the DNA binding domain that differs from a conserved arginine residue found in all other bHLH-Zip proteins (33) . Crystallography studies showed that this tyrosine is the key to the ability of SREBP to recognize the nonpalindromic SRE (34) .
Initially, we believed that there was only one SREBP. However, there was an issue of concern. The cloned cDNA for SREBP encoded five of the six peptides that we had identified by protein sequencing in our purified SREBP (32) . The cDNA did not encode the sixth peptide.
We were tempted to pass off this anomaly as a contaminant in our purified SREBP. However, Xianxin Hua decided to try to clone the cDNA encoding the sixth peptide. He used nested PCR reactions to clone this cDNA, which was found to encode a closely related protein (35) . We named the first protein SREBP-1 and the second one SREBP-2. Further studies showed that SREBP-1 existed in two major forms, owing to alternate promoters giving rise to alternate first exons. We named these two versions SREBP-1a and SREBP-1c (32, 36) . At about the same time, the laboratory of Bruce Spiegelman embarked on studies to identify novel bHLH-Zip transcription factors that promote adipogenesis. When they probed an adipocyte cDNA library with an E-box sequence, they isolated a cDNA encoding an apparent 95-kDa protein that they named ADD1 (37) . This cDNA turned out to be a truncated form of SREBP-1c, the truncation occurring because of an apparent sequence anomaly in the original ADD1 cDNA (36) . SREBP-1c/ADD1 was subsequently shown by Spiegelman's laboratory (38) and our laboratory (39) to activate genes for fatty acid synthesis.
The SREBP pathway: a surprise
The biggest surprise in the SREBP story came when Roy Sato, a postdoctoral fellow, prepared an antibody against the nuclear fragment of SREBP-1a and used the antibody to stain at UT Southwestern Library on December 3, 2008 www.jlr.org Downloaded from cultured fibroblasts that had been incubated with and without an exogenous source of cholesterol. In sterol-depleted cells, the SREBP was in the nucleus, as expected. Remarkably, in sterol-overloaded cells, the SREBP was not in the nucleus. Rather, it exhibited a lacy distribution consistent with localization on ER membranes (40) . At this point, we examined the predicted protein sequence more carefully. A hydrophobicity plot revealed that the N-terminal fragment of ~480 amino acids containing the bHLH-Zip domain was followed by a sequence of 80 amino acids that included two classic membrane-spanning helices separated by a 30 amino acid hydrophilic sequence (41) . This putative membrane attachment domain is followed by a segment of ~550 amino acids that we called the regulatory domain. Protease protection experiments showed that SREBPs are oriented in the ER membranes in a hairpin fashion. The N-terminal bHLH-Zip domain and the C-terminal regulatory domain project into the cytosol, and the 30-amino acid hydrophilic loop projects into the lumen (Fig. 3) . (42) .
In sterol-depleted cells, the bHLH-Zip domain of SREBP is released from the membrane by proteolysis so that it can enter the nucleus. Biochemical studies conducted by Juro Sakai revealed that the release process was much more complicated than we expected. Two proteolytic cleavages are required ( Fig. 3) (43) . The first protease cuts SREBPs at a conserved leucine residue within the 30-amino acid luminal loop. This protease, designated site-1 protease (S1P), separates the SREBPs into two halves, but the bHLH-Zip domain remains associated with the membrane by virtue of its single membrane-spanning helix. After cleavage by S1P, a second protease, designated site-2 protease (S2P), clips the N-terminal fragment, releasing the bHLH-Zip domain from the membrane. Even more remarkable, Elizabeth Duncan showed that S2P cleaves the protein within a transmembrane helix (44) . When initially described, this type of cleavage reaction was considered unique, but later studies by others showed that several other proteins are also cleaved within membrane-spanning regions. We designated this general process as Regulated Intramembrane Proteolysis (RIP) (45, 46) .
To identify the two postulated proteases, we turned to the use of somatic cell genetics in collaboration with Robert Rawson. We were aided by the availability of mutant CHO cells that are cholesterol auxotrophs. These cells, originally isolated in the laboratory of T.Y. Chang and subsequently in our laboratory, fail to increase the mRNAs for HMG-CoA reductase and the LDL receptor when deprived of cholesterol, and hence the cells die. Biochemical studies demonstrated that the defect in one of these cell lines, designated M19, lies in S2P (43) . These cells cleave SREBPs at site-1, but the bHLH-Zip domain remains attached to the membrane because of the lack of S2P. In collaboration with T.Y. Chang's laboratory, we corrected this defect in M19 cells by transfecting human genomic DNA (47) . After repeated rounds of transfection and selection, we eventually identified the human gene. The encoded protein contained the sequence HEXXH, which is part of the catalytic site in a family of zinc metalloproteases. Mutation of these residues destroyed the activity of S2P, supporting the notion that the protein is a zinc metalloprotease (47) . However, S2P differs dramatically from previously characterized zinc metalloproteases in that it is extremely hydrophobic. Indeed, the HEXXH sequence is embedded in a highly hydrophobic region of the protein (48) . Remarkably, hydrophobic proteases resembling S2P are found in all mammalian species, in Eubacteria, and even in Archaea. The laboratory of Richard Losick showed that a relative of S2P in B. subtilis senses nutrient deprivation by proteolytically processing a membrane-bound transcription factor, which then initiates sporulation (49) . Recent structural studies of another bacterial relative of S2P confirmed that the protein contains zinc and provide a potential gating mechanism for cleavage of transmembrane helices (50) .
The reason for the ready isolation of S2P-deficient fibroblasts soon became apparent.
CHO cells express only a single copy of the S2P gene on the X chromosome. In order to isolate mutant cells with a defect in S1P, we had to first transfect CHO cells with a cDNA encoding S2P so that the cells contained multiple copies of the gene. Using the amphotericin selection (51), we isolated CHO/pS2P cells that were auxotrophic for cholesterol, owing to a defect in site-1 cleavage (52). Juro Sakai used a clever expression cloning strategy to correct the defect in these cells by expressing cDNAs from a human cDNA library. He was quickly able to isolate the cDNA encoding S1P. S1P turned out to be a novel serine protease that is attached to cell membranes by a single hydrophobic sequence at its Cterminus (53) .
The SREBP pathway: Scap as a transporter and sterol sensor
Throughout this work, we were puzzled by two questions: Why do cells need two proteases to release SREBPs from membranes, and how do sterols regulate this process? The latter question began to be answered when we isolated the cDNA for Scap, whose letters initially stood for SREBP Cleavage-activating Protein. We isolated Scap through use of 25-RA cells, a sterol-resistant mutant CHO cell line isolated by T.Y. Chang. These cells process SREBPs normally in a sterol-depleted state, but they fail to shut off this processing when overloaded with sterols. Cell fusion studies showed that this phenotype was dominant. Therefore, Xianxin Hua prepared a cDNA library from the 25-RA cells and transfected pools of cDNAs into wild-type CHO cells. Using a reporter assay, he screened for cells that had become resistant to sterolmediated suppression of SRE-dependent transcription. Through many reiterations, he isolated a cDNA encoding Scap (54) . The N-terminal segment of ~725 amino acids is organized into eight membrane-spanning helices (42) (Fig. 3) . The C-terminal segment of ~550 amino acids is hydrophilic and projects into the cytosol. This segment contains multiple copies of a sequence termed WD40, which is known to form β-propellers that mediate protein-protein interactions.
When the Scap cDNA was isolated from wild-type CHO cells, we learned the reason for the dominant sterol-resistant phenotype. The Scap cDNA in 25-RA cells contained a point mutation.
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An aspartic acid at residue 443 was replaced by an asparagine. When cells expressed this mutant version of Scap (D443N), cleavage of SREBP was no longer suppressed by sterols (54) .
The D443N mutation in Scap, which confers sterol resistance, is contained in a segment of the membrane attachment domain of Scap that is conserved in several other proteins whose activities are related to sterols. This segment includes five membrane-spanning helices. The segment is found in the membrane domain of HMG-CoA reductase where it participates in the sterol-triggered degradation of the protein (see below). This conserved sequence is also found in Patched and Dispatched, which interact with Hedgehog, a protein morphogen that contains a covalently attached cholesterol molecule. For these reasons, we named this segment the sterolsensing domain (54, 55) . analyzed the glycosylation pattern of Scap and found that its N-linked sugars become resistant to digestion by endoglycosidase H when cells were deprived of sterols, but they remain in an endoglycosidase H-sensitive form when sterols are present (55) . Inasmuch as endoglycosidase H resistance requires processing of carbohydrates in the Golgi complex, these experiments provided the first evidence that the Scap/SREBP complex moves from ER to Golgi in a sterolsensitive fashion. Nohturfft, together with Peter Espenshade, confirmed these findings by transfecting cells with a plasmid encoding the membrane portion of Scap fused to green fluorescent protein (58) . Fluorescence microscopy showed that this protein was localized to the ER in sterol-loaded cells, and it moved rapidly to the Golgi complex when sterols were depleted. This movement delivers Scap to S1P whose active form resides in the Golgi complex, as shown by Espenshade (59) . the site at which the pathway is negatively controlled by sterols (60) .
The SREBP pathway: identification of Insigs
At this point, the cellular mechanism for sterol regulation was clear, but we still did not know the molecular mechanism. A clue came from the observation that sterol regulation was lost when we overexpressed Scap in cells by transfection. We postulated the existence of an ER retention protein that holds Scap in the ER when sterols are present (61) . When Scap is overproduced, this retention protein becomes saturated, and the excess Scap moves to the Golgi complex, even when sterols are present.
Tong Yang used sterol-regulated coimmunoprecipitation assays to identify the postulated sterol-dependent ER retention protein (62) .
She was aided by Rudi Aebersold's group in Seattle, who were able to determine protein sequences from the trace amount of material that co-precipitated with Scap only in the presence of sterols. The mRNA encoding the retention protein had been identified earlier as an mRNA that was induced by insulin treatment of rat livers. Its function was unknown, but it had been given the name Insig, which stands for insulin-induced gene (63) . Even before Yang's discovery, Amber Luong, a graduate student in our laboratory, had identified Insig-1 as an SREBP-induced target gene in CHO cells (64) . The convergence of Yang's and Luong's work gave us early confidence that Insig function was related to SREBP activation.
Further cloning experiments by Daisuke Yabe revealed the existence of two closely related Insigs, which we designated Insig-1 and Insig-2 (65) . Gene knockdown experiments using RNA interference confirmed that Insig-1 and Insig-2 are both required in order for sterols to retain the Scap/SREBP complex in the ER (66) . Later this conclusion was verified by workers in Russell DeBose-Boyd's laboratory, who isolated sterol-resistant mutant CHO cells whose defect was traced to mutations in Insig-1 and Insig-2 (67).
Co-immunoprecipitation and native gel electrophoresis experiments demonstrated that
Scap binds to Insigs only in the presence of sterols, either cholesterol or 25-HC (62, 66) . An important clue to the regulatory mechanism came from protease protection studies designed to reveal the conformation of Scap in sealed ER membrane vesicles. Andrew Brown showed that Scap has a different conformation when the vesicles are isolated from sterol-treated cells as opposed to sterol-deprived cells (68) . The conformational change involves arginine-503, which resides in loop 6 between membrane-spanning helices 6 and 7 (Fig. 4A) . Loop (71, 72), but we were never able to show that this protein participated in sterol-mediated regulation of SREBP processing. We could find no evidence that sterol regulation required any of the related OSBPs that were subsequently isolated in other laboratories. Moreover, it appeared that Scap and Insig were the only mammalian proteins that were required for oxysterol-mediated regulation of SREBP processing. This conclusion emerged from the experiments of Irina Dobrosotskaya, who reconstituted oxysterol regulation in transfected insect cells in culture (73) .
Insect cells do not synthesize sterols because they lack the enzymes necessary to form sterol rings. Although they have an SREBP, a Scap, and the two proteases, they use these proteins to regulate fatty acid biosynthesis, not sterol biosynthesis (74, 75) . Insect cells lack
Insigs. In these cells, cleavage of SREBP is not blocked by oxysterols or by cholesterol.
Dobrosotskaya transfected insect cells with plasmids encoding mammalian SREBP, Scap, and
Insig. Remarkably, processing of mammalian SREBP in these cells was blocked by oxysterols (73) . Blocking did not occur when she expressed the sterol-resistant mutant Scap(D443N).
These results argued against the requirement for a separate oxysterol-binding protein. It seemed highly unlikely that insect cells would have such a protein and that it would be able to block the processing of mammalian Scap.
The riddle was solved by Radhakrishnan who established a sterol-binding assay using purified recombinant Insig-2 (76). The challenge was even more difficult than that of the Scap binding assay because Insig proteins are even more hydrophobic than Scap and because they are easily denatured in vitro. Indeed, Insig-1 resisted purification, and hence Radhakrishnan used Insig-2. With his assay, Radhakrishnan showed that Insig-2 is an oxysterol binding protein.
Insig-2 bound 25-HC and other oxysterols with high affinity and specificity. Although we have not been able to perform similar binding studies with Insig-1, the extensive sequence identity of the two proteins (85% identical within their membrane domains) (65) and their functional redundancy (66) strongly indicate that the two proteins bind oxysterols in a similar fashion.
Remarkably, Insig-2 did not bind cholesterol. These experiments established that oxysterols and cholesterol trigger Scap binding to Insigs using two separate mechanisms. Oxysterols bind to the at UT Southwestern Library on December 3, 2008 www.jlr.org
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Insig partner, and cholesterol binds to Scap. Both of these binding reactions produce the same result: prevention of movement of the Scap/SREBP complex to the Golgi (Fig. 4B) .
In Vitro reconstitution of ER export of Scap/SREBP in CopII-coated vesicles
At this point, a crucial unresolved question was the mechanism by which the Scap/SREBP complex is selectively moved from ER to Golgi, and how does the Scap/Insig interaction block this movement? In solving this problem, we took advantage of two decades of work by others, most notably the laboratories of Randy Schekman working in yeast (77) and
William Balch working in animals cells (78) . Studies of Rothman and Orci had shown that proteins move from ER to Golgi by being incorporated selectively into coated vesicles that bud from ER membranes (79) . Later studies showed that these vesicles form as the result of an ordered series of reactions. The process is initiated when Sar1, a cytosolic protein, exchanges GTP for GDP and binds to ER membranes. Sar1 then recruits a heterodimer called Sec23/24 to the membrane. The Sec24 component selectively binds to cytoplasmically exposed sequences on ER membrane proteins that are selected for ER export. The bound proteins are incorporated into vesicles that bud from the ER membrane and subsequently move to the Golgi (Fig. 4B) .
These vesicles are known as CopII-coated vesicles.
Schekman and Balch had established assays in which ER membranes could be incubated
in vitro and the incorporation of proteins into budding CopII-coated vesicles could be followed.
Using these assays, Axel Nohturfft and Peter Espenshade showed that Scap was incorporated into these vesicles in vitro, but only when the ER membranes were isolated from sterol-depleted cells (58, 80) . When they isolated membranes from sterol-loaded cells, the CopII-coated vesicles formed normally, but Scap was not incorporated even though the vesicles contained other proteins. Moreover, addition of 25-HC to sterol-depleted membranes in vitro selectively blocked the incorporation of Scap into budding vesicles. Thus, the in vitro assay mimicked faithfully the regulatory process that was seen in intact cells (81, 82) .
Liping Sun went on to use purified recombinant Sar1 and Sec23/24 complex to conduct a series of Scap-binding assays with ER membranes from sterol-deprived or sterol-loaded cells (81, 82) . He added the recombinant proteins to the membranes, and then he precipitated the Sar1 component using classic pulldown techniques. When the ER membranes were isolated from sterol-deprived cells, the Sar1/Sec23/24 complex bound to Scap. No such binding occurred when the membranes were isolated from sterol-loaded cells.
Using techniques of in vitro mutagenesis, Sun identified the region of Scap that is critical for binding the Sec23/24 complex (81) . Remarkably, this region turned out to be loop 6, the same loop that was previously shown to undergo a conformational change upon cholesterol binding. Sun narrowed the critical region to a six-amino acid sequence designated MELADL (methionine-glutamic acid-leucine-alanine-aspartic acid-leucine) ( Figs. 4A and 4B) . When ER membranes are deficient in sterols, the MELADL sequence is accessible for Sec23/24 binding, and hence Scap is incorporated into CopII vesicles (Figs. 4B and 4C) . When cholesterol binds to Scap or when oxysterols bind to Insig, the sterol alters the conformation of loop 6 so that Scap binds to Insig, the MELADL sequence is no longer recognized by the CopII proteins, and transport is abrogated (Figs. 4B and 4C) . Although cholesterol or oxysterols block the binding of CopII proteins to Scap, they do not prevent the binding of a Fab fragment of an antibody directed against the MELADL sequence. Moreover, insertion or deletion of single amino acids between MELADL and the membrane prevent CopII binding and Scap/SREBP transport. From this and other evidence, we suggested that the conformational change does not cover up the MELADL sequence completely, but rather it alters its position in relation to the membrane (82) .
According to this hypothesis, the CopII proteins are located at a fixed distance from the ER membrane surface (Fig. 4C) In the most recent studies of this regulatory system, Radhakrishnan developed an effective method to isolate pure ER membranes from cultured CHO cells (83) . This method allowed a demonstration of the switch-like nature of the process by which cholesterol blocks Scap/SREBP transport. When ER cholesterol is less than 5% of total ER lipids, the Scap/SREBP complex moves to the Golgi. When cholesterol rises above 5%, transport is abruptly halted.
This switch-like nature of this regulatory response is similar to that observed when ligands bind cooperatively to multimeric proteins. The classic example is the binding of oxygen to tetrameric hemoglobin. This type of binding reaction can be quantified by Hill plots. Interestingly, the Hill plot for the relation of ER cholesterol to Scap/SREBP transport yielded a Hill coefficient of approximately 4. Our previous studies showed that the membrane domain of Scap forms tetramers (70) , and it is tempting to speculate that the switch-like response relates to the cooperative binding of 4 cholesterol molecules to each Scap tetramer. Thus far, we have been unable to test this cooperative binding model in our in vitro cholesterol-binding reactions because the existence of detergent micelles complicates the kinetics of the binding reaction.
Other models might also account for the switch-like nature of the regulatory response, including cooperative binding of Scap to Insig. Further in vitro binding studies may clarify this mechanism.
A major unanswered question in the sterol sensing mechanism relates to the stoichiometry of the protein complexes that are formed. When purified in detergents, the membrane domain of Scap is a tetramer (70) and Insigs are dimers (76) . SREBPs are dimers. If these same oligomers exist in the membrane, then there is the potential to build up long chains at UT Southwestern Library on December 3, 2008 www.jlr.org
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of Insig/Scap/SREBP complexes when sterols are added. It has not been possible to study these potential polymers definitively in cell extracts because the complexes tend to come apart when solubilized with detergents. Nevertheless, further attempts to solve this sticky problem are required.
Convergent feedback: another level of control
Recent studies by Jin Ye have revealed another level of control in this pathway. We had earlier observed that the gene encoding Insig-1, one of the two Insigs, is activated by SREBPs, thus providing a feedback mechanism by which nuclear SREBPs trigger the buildup of their own inhibitor, namely Insig-1 (65). Ye and Yi Gong showed that the degradation rate of Insig-1 protein is also regulated. When cells are incubated in the absence of sterols, Insig-1 is rapidly ubiquitinated and degraded. When sterols accumulate, Insig binds to Scap, and this stabilizes Insig-1 (84, 85) . These two methods of Insig-1 regulation led us to propose a model for convergent feedback inhibition of SREBP processing (84) .
When SREBPs reach the nucleus, they activate transcription, causing increased cholesterol synthesis. Fresh SREBPs will continue to be sent to the nucleus until two criteria have been met: 1) the synthesis of Insig-1 mRNA has been increased sufficiently to allow new Insig-1 molecules to be made; and 2) sufficient cholesterol has been produced in order to stabilize Insig-1 and permit it to hold back the Scap/SREBP complex in the ER. The requirement for this convergence may serve to even out oscillations that might occur as cholesterol synthesis is turned on and off. Importantly, Insig-2 does not show either of the characteristics necessary for convergent feedback inhibition: it is not a transcriptional target of SREBP (65) and it does not have a rapid turnover (86) . In cultured cells like CHO cells, the amount of Insig-2 is so low as not to interfere with the convergent regulatory scheme. However, at UT Southwestern Library on December 3, 2008 www.jlr.org
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in liver the non-convergent properties of Insig-2 may be relevant, especially during fasting and refeeding (87, 88) .
Insigs as mediators of sterol-triggered degradation of HMG-CoA reductase
The discovery of Insigs allowed us to solve a paradox that had plagued us ever since the cloning of HMG-CoA reductase nearly 20 years earlier. As noted above, we and others had noted that HMG-CoA reductase is rapidly degraded when oxysterols are added to cells. Our laboratory had shown that rapid degradation depends upon the polytopic membrane attachment domain of reductase (22) , and this conclusion was confirmed and amplified by the Simoni laboratory (89) . However, the mechanism for this degradation was difficult to study because the rapid degradation was abolished when HMG-CoA reductase was overexpressed by transfection.
As with Scap transport, the rapid degradation of reductase appeared to require the stoichiometric activity of another protein, and this protein was saturated and overwhelmed at high levels of reductase expression.
Inasmuch as Insigs were rate-limiting for Scap transport and inasmuch as Scap and HMG-CoA reductase share a sterol-sensing domain, it seemed reasonable to propose that Insigs were also rate-limiting for reductase degradation. This hypothesis was tested by Navdar Sever and Russell DeBose-Boyd. The results were dramatic. Concomitant overexpression of Insig-1 or Insig-2 restored sterol-accelerated degradation when reductase was overexpressed (90, 91) .
Moreover, they showed that 25-HC triggered the binding of HMG-CoA reductase to Insig.
Thus, sterols cause the binding of either of two proteins to Insig − namely, Scap and HMG-CoA reductase (92) . The results of these binding reactions are different. Whereas Scap binding displaces CopII proteins and causes ER retention, reductase binding triggers ubiquitination and degradation.
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DeBose-Boyd has gone on to expose several of the proteins necessary for ubiquitination and degradation of reductase. The pathway is closely related to the general process of ERassociated protein degradation (ERAD). Ubiquitination requires an E3 ubiquitin ligase designated gp78 and a proteasome-associated protein called VCP (93) . The mammalian process differs in detail from the process described for yeast HMG-CoA reductase, which is thought to be triggered by the denaturation of the reductase caused by the buildup of nonsterol intermediates in the sterol biosynthetic pathway (94) . In mammalian cells, the process is triggered primarily by sterols, either oxysterols or dihydrolanosterol, an intermediate in cholesterol synthesis (95, 96) . Geranylgeraniol, a nonsterol intermediate, plays a contributory role at a post-ubiquitination step (97) . A crucial question in both systems is the physical means by which a polytopic protein such as HMG-CoA reductase is extracted from ER membranes in a form that can be degraded by proteasomes. The problem is especially acute with reductase because the process must avoid any cleavage between the membrane attachment domain and the soluble catalytic domain. If the catalytic domain is released into the cytoplasm, it will be catalytically active and long-lived, defeating the purpose of the rapid degradation machinery.
SREBP pathway in the liver
As described in the introduction, feedback inhibition of cholesterol synthesis by dietary cholesterol was first described in mice, and the site of control was later shown to be the liver. To determine whether the SREBP pathway mediates this feedback, we carried out a series of gene manipulation experiments in mouse liver. These studies were performed in collaboration with Guosheng Liang, Jin Shimano, Jay Horton, Luke Engelking, Iichiro Shimomura and Robert
Hammer (reviewed in (98)). In addition to the effects on cholesterol synthesis, these studies demonstrated an important regulatory role for SREBP-1c in mediating the insulin stimulation of at UT Southwestern Library on December 3, 2008 www.jlr.org
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fatty acid and triglyceride synthesis in liver. This topic is beyond the scope of this review (see (99) ).
The results of the hepatic cholesterol synthesis studies are summarized in Fig. 5 . As predicted from the cell culture studies, three manipulations led to increases in hepatic cholesterol synthesis (Fig. 5A) . These were: 1) production of a truncated form of SREBP-2 that lacks the membrane attachment domain and reaches the nucleus without a requirement for proteolysis (100); 2) insertion of a transgene encoding a sterol-resistant mutant Scap(D443N), which does not bind Insig in the presence of sterols (101); and 3) knockout of the genes encoding both forms of Insig (Insig-1 and Insig-2) (102) . In addition to overproduction of cholesterol, all of these gene-altered mice resisted suppression of cholesterol synthesis by cholesterol feeding. As a result, they continued to produce cholesterol even though the livers were packed with cholesterol stored as cholesteryl esters.
Three gene alterations decreased cholesterol synthesis in liver (Fig. 5B) . These were: 1) knockout of Scap (103); 2) knockout of site-1 protease (104); and 3) insertion of a transgene encoding Insig-1 (87) . Earlier studies in cultured cells had shown that overproduction of Insig led to a block in Scap/SREBP transport even when cholesterol levels were very low (62) .
Considered together, the findings in 
